Objective: The aim of this study was to determine if the fat accumulation in the exocrine pancreas fat of obese Zucker diabetic fatty (ZDF) rodents, like that in their endocrine pancreas, precedes the onset of type 2 diabetes mellitus (T2DM). As the fat content of whole pancreas, but not islets, can now be measured in humans by magnetic resonance spectroscopy (MRS), such measurements could be used as a predictor of impending T2DM and an indication for preventive intervention. Animals: Obese ZDF (fa/fa) rats and lean ( þ / þ ) controls on a 6% fat diet were killed at time points from 6 to 16 weeks and total pancreatic fat was measured biochemically and electronmicroscopic examination of tissue for fat droplets was carried out. Results: Compared to lean ZDF controls, pancreatic fat was elevated above lean controls from 6 to 16 weeks of age, peaking at 10 weeks of age when hyperglycemia first appeared. The pancreatic profile of fat content in whole pancreas paralleled that of islets. Electronmicroscopic examination identified the acinar location of the fat droplets and ruled out a major contribution of intrapancreatic adipocytes. Conclusion: The almost identical pattern of triglyceride overaccumulation in the exocrine and endocrine pancreas of obese rodents before the onset of T2DM suggests that MRS of the human pancreas might predict T2DM in obese subjects and permit timely interventions to prevent the disease.
Introduction
Obesity and its life-threatening comorbidities are rising at alarming rates throughout the world. Type 2 diabetes mellitus (T2DM) has increased almost threefold since 1950, and is now estimated at 7.8% of the American population. 1 Its pathogenesis appears closely related to chronic caloric surplus, which initially leads to obesity with compensated resistance to insulin. Both the insulin resistance 2 and the accompanying compensatory hyperinsulinemia 3 have been attributed to ectopic lipid overload. 3, 4 Fatty acids interfere with the action of insulin on peripheral target cells, such as myocytes and hepatocytes, 5 while they promote b-cell hyperplasia and hypersecretionFat least during the initial period of caloric surplus. 3 Ultimately, however, increased lipid accumulation in islets causes dysfunction and death of nonadipocytes through lipoapoptosis. [6] [7] [8] The loss of b-cells ultimately leads to overt T2DM. 7 In Zucker diabetic fatty (ZDF) rats, a model of genetic obesity with T2DM, b-cell loss and hyperglycemia appear within 4 weeks of the accumulation of excess islet fat. 9, 10 Any intervention that prevents the increase in lipid content of islets, whether by reducing caloric intake or by increasing fatty acid oxidation, will prevent T2DM.
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Although the T2DM of obese humans resembles that of obese rodents in many respects, a lipotoxic etiology cannot be directly established in humans because noninvasive quantification of triglycerides (TG) content of human islets is not possible. However, it is now possible to measure the TG content of the whole pancreas noninvasively using proton-localized magnetic resonance spectroscopy (MRS). 12, 13 If the TG content of the endocrine and exocrine pancreas rise in parallel, MRS assay of fat in the exocrine pancreas might serve as a surrogate noninvasive index of lipid overaccumulation in the endocrine pancreas and a harbinger of impending lipid-mediated b-cell destruction. If so, it would enable timely lipid-lowering interventions designed to prevent this increasingly prevalent disorder and its comorbidities. Unfortunately, in all of the studies of islet fat, the exocrine tissue was discarded in the process of islet isolation and its fat content was never measured. This study was intended to compare the whole pancreas fat content with islet fat content before and during the development of T2DM in ZDF rats. with slight modifications. Samples (20 ml) were dried and TG content was measured in triplicate using Sigma TG kit (Sigma-Aldrich, St Louis, MO, USA).
Materials and methods
Electron microscopy of pancreas Pancreatic fragments were fixed in 4%, cacodylate-buffered (0.2 M) glutaraldehyde (pH 7.4), for 24 h at 4 1C, rinsed in Millonig's phosphate buffer and postfixed in buffered osmic acid (1%, 2 h at 20 1C). The specimens then were processed for epoxy embedding (Polybed R 812, Polysciences, Warrington, PA, USA; Fluka). Thin sections were stained with uranyl acetate and lead citrate and were photographed by Philips LS420 electron microscope (Philips, Eindhoven, the Netherlands). 
Analytical assays

Statistical analysis
Pancreatic TG content was compared using analysis of variance. Data were reported as mean and standard error unless otherwise indicated. A P-value of o0.05 was considered significant.
Results and discussion
Chronology of pancreatic steatosis relative to islet steatosis To determine if the fat content of the entire pancreas parallels that of isolated islets, which increases before the onset of T2DM, we quantified fat in pancreata of obese ZDF rats. Earlier studies showed a progressive increase in TG content of pancreatic islets before the onset of hyperglycemia. We observed a parallel progressive, age-related increase in biochemically assayed TG content of whole pancreas, which was remarkably similar to the rise in TG noted previously in the islets of ZDF rats. 9 At 6 weeks of age and all subsequent time points, it far exceeded the TG content of age-matched lean littermates (Po0.0001; Figure 1a ). 
Chronology of pancreatic steatosis relative to plasma insulin levels and T2DM
The previously reported increase in islet TG began at 6 weeks of age and reached a peak at 10 weeks, the age at which nonfasting hyperglycemia first appeared. This pattern of TG accumulation and the age of onset of T2DM were virtually identical to the earlier study of islet TG content. 9 In our earlier study of islet fat in obese rodents before and after the onset of T2DM, a negative relationship between lipid accumulation and the number of b-cells and the glucosestimulated insulin response was reported. 9, 15 The T2DM has been ascribed to lipid-induced loss of b-cells, with the surviving cells incapable of meeting the high demand for insulin required to compensate for the obesity-related insulin resistance. 16 To determine if there is a similar temporal relationship between fat accumulation in the exocrine pancreas, the function of the endocrine pancreas and T2D, we measured 3 h postprandial plasma insulin levels in the obese ZDF rats (fa/fa) and lean ZDF controls ( þ / þ ) from 4 to 16 weeks of age ( Figure 1b ). Insulin levels were at least 14 times higher than in normal lean rats throughout the 16-week period of observation. Whereas in lean rats insulin levels remained unchanged throughout this period, in the obese rats they rose to a peak at 8 weeks that was three times their level at 4 weeks of age (Po0.0001). Thereafter, they began a gradual decline that was statistically significant at 12, 14 and 16 weeks of age (Po0.02-0.005), at which point they were 30% below the peak insulin level. As the first statistically significant decline in plasma insulin followed the increase in pancreatic fat content by 4 weeks (Figure 1b ) and coincided with hyperglycemia averaging over 200 mg per 100 ml (Figure 1c) , the results were consistent with the lipotoxic concept of rodent T2DM.
Electron microscopy of steatotic pancreata Electronmicroscopic examination revealed fat droplets in acinar cells. They were very scarce in the pancreas of a 14-week-old nondiabetic lean ZDF rat (Figure 2a ), but were more abundant in the pancreas of a 10-week-old obese, new-onset diabetic rat (Figure 2b ). They were much more abundant in the portion of the pancreas of a 14-week-old diabetic rat shown in Figure 2c , even though no increase in mean triglyceride content of the entire group of 14-weekold rats was noted. As no attempt was made to correlate fat droplets with chemically quantified triglyceride levels of the pancreata of the entire group, it must be assumed that the fat-laden cells chosen for display in Figure 2c are not representative of the lipid content of the entire pancreas of the group as a whole. Intrapancreatic adipocytes, which are present in older obese rodents fed a high-fat diet, 17 were uncommon in the age range of this study (Table 1) . These studies in obese rodents raised the possibility of a similar lipotoxic etiology in obese humans. If so, the T2DM might also be prevented by timely intervention in the Figure 2 Electron micrographs of the exocrine pancreas showing the presence of lipid droplets in the acinar cells of (a) 14-week-old normal lean ZDF ( þ / þ ) rat (a few small lipid droplets are indicated by arrows); (b) 10-week-old newly obese diabetic ZDF (fa/fa) rat; (c) 14-week-old obese diabetic ZDF rat (large accumulations of lipid droplets are seen in the basal cytoplasm). Abbreviations: ZDF, Zucker diabetic fatty; ZL, Zucker lean ( þ / þ ) rats.
Fatty pancreas predicts type 2 diabetes Y Lee et al prediabetic phase of the disease. In 1994, our group reported that T2DM in ZDF rats is preceded by fat accumulation in their pancreatic islets 9 and is prevented by measures that reduce the lipid overload. Because noninvasive measurement of islet fat content is not now feasible in humans, this study was undertaken to determine if accumulation of fat in the whole pancreas, which can now be quantified by MRS, 12,13 also predicts T2DM. If fat content of the exocrine pancreas parallels that in the endocrine pancreas, it could provide a noninvasive predictor of impending T2DM in humans and an indication for prophylactic intervention. 18, 19 This study was conducted to determine if MRS measurement of the TG content of the whole pancreas might provide a useful surrogate marker for islet fat content. This premise is based on the demonstration in two rodent models of obesity associated with T2DM, the ZDF rat, and db/db mouse, 20 that TG accumulate in the pancreatic islets at least 2 weeks before b-cell apoptosis becomes apparent and hyperglycemia appears. Prevention of this islet steatosis, whether by caloric restriction, 21 AICAR, 22 metformin 23 or thiazolidinedione administration, 23, 24 will prevent the apoptosis, the loss of b-cells, the decline in insulin and the hyperglycemia.
We show here that in ZDF rats TG in the exocrine pancreas rises in parallel with the previously reported TG accumulation in the endocrine pancreas; TG accumulation in the exocrine pancreas also precedes the onset of overt diabetes. Consequently, the evaluation of MRS measurements of pancreatic fat in humans as a possible predictor of T2DM seems justified.
Published results in humans reveal that pancreatic fat measured by MRS is increased in normoglycemic subjects with an elevated body mass index and is further elevated in subjects with impaired glucoregulation and T2DM. These results, which resemble those in rodents, are consistent with a lipotoxic etiology for human T2DM, as has been suggested in rodents. 23 These observations constitute presumptive evidence that increased pancreatic fat is a predictor of impending T2DM in rats. The facts that lifestyle modification, thiazolidinediones and metformin, measures that reduce pancreatic fat content in rodents, 25 are known to reduce the incidence of T2DM in humans, 26,27 suggest a lipotoxic etiology for T2DM in both species. This sets the stage for prospective clinical studies to determine if interventions that reduce pancreatic TG levels will preserve b-cell function and reduce the incidence of T2DM in humans as effectively as they do in rodents. However, it remains to be determined if pancreatic steatosis in humans occurs independently of fat accumulation in other organs, in which case it would become a valuable clinical procedure.
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